ABSTRACT. Well-managed grazing systems can provide valuable ecosystem services, such as reducing sediment and phosphorus (P) loading to nearby waterways. However, the available long-term data to fully support this hypothesis are limited. In this article, we describe flow-weighted concentrations (FWCs) and loads for dissolved reactive P (DRP), total P (TP), iron (Fe), and aluminum (Al) over 11 years (1999-2009) 
n the eastern half of the U.S., cattle production (grazing and haying) is generally limited to areas of less productive land (Philipp et al., 2015) . Eighty percent of these predominantly cow-calf operations have less than 50 cows per farm (Short, 2001 , Franzluebbers, 2007 Philipp et al., 2015) . When aggregated, the extent of grasslands that are used as pastures and hayfields is large: 22,075 km 2 in the Southern Coastal Plain (8%) and 18,355 km 2 of the Southern Piedmont (11%) (USDA-NRCS, 2006) . Foraging cattle redistribute phosphorus (P) across the pasture landscapes at spatial densities dependent on where they graze, water, congregate, and camp (Schomberg et al., 2000; Bellows, 2001) . Heavy-use areas can act as source-areas of P and other nutrients because they receive greater manure and urine inputs. They also experience increased treading and loss of vegetation, which increases soil physical degradation and contributes to increased risk of runoff and soil erosion (Russell et al., 2001; McDowell et al., 2003; Haan et al., 2006; Cournane et al., 2010) . The highly weathered, iron (Fe) and aluminum (Al) rich, and acidic Ultisols of the southeastern U.S. can hold P tightly in chemical bonds with Fe and Al (Zaimes and Schultz, 2002) . Runoff losses of Al and Fe could be indicative of the portion of P coming from eroding soils versus cattle or fertilizer.
Release of P from agricultural lands into surface and subsurface waters contributes to eutrophication and impairment in streams, rivers, lakes, or coastal waters (Ryden et al., 1973; Sharpley et al., 1994; USEPA, 1996; Correll, 1998; Carpenter et al., 1998; Parry, 1998; Sharpley et al., 2003; McDowell et al., 2007; Carpenter, 2008; Jarvie et al., 2012; Sharpley et al., 2013) . Georgia alone contains 14 river basins, 52 major watersheds, 70,500 km of perennial streams, and 38,250 km of intermittent streams (Georgia Adopt-AStream, 2008) . These are susceptible to nonpoint-source pollution, including nutrients and sediment, due to high rates of annual rainfall (1000 to 1500 mm) and surface runoff in the region. Phosphorus is a primary concern due to its potential for transport from farm fields and pastures in dissolved form or attached to sediment and can deposit in streams and lake bottoms. This P can be resuspended or released (referred to as "legacy phosphorus") and is one of the reasons that conservation and best management practices are not producing desired water quality in some watersheds in the U.S. Jarvie et al., 2013) . Good pasture management aims to maximize nutrient cycling efficiency and minimize nutrient and sediment losses with runoff (Bellows, 2001) . Franzluebbers et al. (2012) articulated the potential of wellmanaged pasture systems to provide valuable ecosystem services and discussed barriers to adoption of such systems.
The objective of our study was to present concentration and load data for P, Fe, and Al gathered over 11 years (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) that had contrasting weather patterns from a 7.8 ha pasture used for rotational grazing of cow-calf herds near Watkinsville, Georgia, and demonstrate the possible mitigation of pollutant fluxes through proper grazing management that includes maintenance of good grass cover, avoiding over-grazing, and limiting fertilizer application.
MATERIALS AND METHODS

EXPERIMENTAL SITE
The study was conducted from January 1999 to December 2009 on a zero-order 7.8 ha watershed (W1; average slope 4.2%) nested within the larger North Unit watershed at the USDA-ARS J. Phil Campbell Sr. Natural Resource Conservation Center near Watkinsville, Georgia (33° 54 N and 83° 24 W) ( fig. 1 ; Endale et al., 2011) . The soils are classified as Cecil (69%) and Pacolet (31%) series (fine, kaolinitic, thermic Typic Kanhapludults) and generally have brownish-gray sandy loam to red clay loam surface horizons overlaying red clayey argillic horizons. The average daily air temperature ranges from 6°C to 8°C in winter and from 23°C to 27°C in summer. The mean annual rainfall is 1250 mm with a mean monthly rainfall variation of 78 to 136 mm. Periods of drought are common.
The W1 watershed has been used as a rotational-grazing pasture for Black Angus (Bos taurus) cattle since 1960. The forage consisted of warm-season grasses, primarily bermudagrass (Cynodon dactylon) with other naturalized grass species, for summer grazing and fall over-seeded cereal rye (Secale cerale L.) or wheat (Triticum aestivum) for winter grazing. Supplemental grain and hay were sometimes fed during the winter. Forage was grazed when it reached approximately 3,500 kg ha -1 , and animals were removed when forage was grazed to approximately 2,000 kg ha -1
. Fertilization consisted of biannual (early spring and late summer) application of nitrogen, phosphorus, and potassium (N-P-K) as 34-0-0, 17-17-17, 21-0-21, or urea with sulfur (table A1 in the Appendix). There was no inorganic P fertilization after 2003. Soil pH was maintained between 6.0 and 6.5 by liming as needed. Weed management consisted use of Grazon P+D (Picloram + 2,4-D), a broadleaf herbicide, as needed. In addition, mowing was carried out as needed for weed control and to remove forage seed heads in late spring and early fall. Grazing was by cows or cow-calf pairs either alone or with one or two breeding bulls. Calving season extended from January through early April except in 2009 when there was no calving.
Soil sampling and analysis conducted at W1 in December 2009 from 14 locations across three parallel longitudinal (E-W) transects provided the following means (with range) for soil nutrients for the 0 to 15 cm soil depth: N = 0.24% (0.16% to 0.34%), C = 2.55% (1.72% to 3.57%), extractable P (Mehlich I) = 94 kg ha -1 (39 to 186), total P (acid digestion) = 1,321 kg ha -1 (991 to 1,950), extractable K = 298 kg ha -1 (171 to 186), total K = 2,221 kg ha -1 (1,190 to 4,554) , total Fe = 47,134 kg ha -1 (17,069 to 92,893) , and total Al = 41,408 kg ha -1 (14,670 to 78,534) . The mean soil pH was 6.0.
RAINFALL AND RUNOFF MEASUREMENT, SAMPLING, AND PROCESSING
An automated system located at the outlet of W1 was used to measure runoff through a 1.14 m (3.75 ft) high, 2:1 ratio, concrete broad-crested V-notch weir at 5 min intervals (Endale et al., 2011) . The automated system consisted of a tipping-bucket rain gauge, a depth-sensing pressure transducer, and a data logger programmed to convert flow depth to discharge using the weir calibration curve. A Sigma 900 Max discrete water sampler was used to collect runoff samples in twenty-four 300 mL glass bottles. Until February 2006, samples were obtained at 8 min intervals through a runoff event with two consecutive 150 mL samples put in the same bottle, allowing sampling over 6.5 h. Beginning in February 2006, the sampling interval was increased to 10 min with three consecutive 100 mL samples put in the same bottle, allowing sampling over 12 h. Samples for nutrient analyses were collected during 43 of 74 recorded runoff events. Occasional sampling problems precluded collecting samples from all runoff events. Samples were removed from the sampler within 36 h of each runoff event and brought to the laboratory for processing.
In the laboratory, samples were composited into approximate hourly subsamples. From each hourly subsample, 100 mL was filtered through 0.45 m cellulose-nitrate membrane and refrigerated at 4°C for colorimetric analysis of dissolved reactive P (DRP) (Murphy and Riley, 1962) within two to three weeks. Two 100 mL unfiltered subsamples were frozen. One was kept as spare, and the second was analyzed for total P, Al, and Fe at the USDA-ARS North Appalachian Experimental Watershed in Coshocton, Ohio. Total P concentration was determined by ion chromatography (EPA Method 300.0; Pfaff, 1993) . Iron and Al concentrations were determined by atomic absorption spectrophotometry (USEPA, 1991) . When the Al concentration was below the detection limit of 0.003 mg L -1 , this value was taken as the concentration for the particular sample.
Total sediment solids in runoff was estimated from a total of 22 events with distribution of one to six events each year, except 2000, 2005, and 2007 (no samples processed) , by evaporating 100 to 200 mL subsamples at 100°C. Due to visual observation of limited sediment, not all runoff events were assessed for sediment content during periods of abundant grass cover.
DATA PROCESSING AND ANALYSIS
Nutrient concentration for a runoff event was considered as event flow-weighted concentration (FWC) by dividing the total load by the total runoff volume for each event. The total event load was estimated by taking the sum of the loads from each subsample of each event. Subsample loads were calculated as the product of runoff volume and concentration of each subsample. Flow-weighted concentrations and loads for Al, Fe, DRP, and TP from the 43 sampled events were used as dependent variables to examine management and environmental influences. To examine the influence of cattle, variables were grouped into periods when cattle were on or off W1. To examine the influence of drought, variables were grouped into categories based on whether monthly rainfall was less than the long-term average (deficit period) or equal to or above the long-term average (non-deficit period) (Endale et al., 2011) . The influence of inorganic fertilization was considered within factor analysis (see subsequent discussion). The sediment loss data were used to examine possible links between cattle and soil erosion manifesting as elevated sediment loss, and correlations among sediment and FWCs and loads.
For each runoff event, hydrologic parameters were compiled as the 1-day (DR1) and 2-day (DR2) rainfall (mm), total runoff (TR, mm), percentage runoff from 1-day rainfall (RPR, %), peak runoff discharge rate (PD, L s -1 ), and 5, 10, and 15 day rainfall (DR5, DR10, and DR15, mm) used as pre-runoff antecedent rainfall, as well as days since the last runoff event (DSLR). Days with no cattle prior to runoff (DNOCPR) and days since the last fertilization (DSLF) were considered management variables. Cattle variables were considered in three groups, all as cattle days (the product of the number of cattle including cows, calves, and bulls, and the number of days spent grazing). The first group was cattle days since the last runoff event (CDSLR). The second group was continuous cattle days during and immediately prior to a runoff event (CCDPR) which can last from 1 d to more than 30 d. The third group was cattle days during the 30 days immediately prior to a runoff event (CD30DPR). While the choice of 30 is arbitrary, it is close to the 75th percentile for the days cattle were on W1 per grazing period. In addition, animal unit (AU) and animal unit day (AUD) equivalents were estimated for each grazing period as follows (from chapter 6 of USDA-NRCS, 2003): 1.0 AU for a mature cow weighing approximately 454 kg with a calf up to six months of age, 1.35 AU for a mature bull, 0.6 AU for cattle one year old, and 0.8 AU for cattle two year old. We assigned 0.7 AU for cattle that were neither cow-calf pairs nor bulls because of limited information on cattle age. Estimates of AU and AUD were not used in statistical analyses but are only given as summaries where appropriate.
Data analyses were conducted using SAS (ver. 9.4) within the graphical user interface SAS Enterprise Guide of SAS for Windows (ver. 7.1, SAS Institute, Inc., Cary N.C.). Normality of data was checked with the Shapiro-Wilk W statistic and graphical representation of the data. Non-normal data were transformed (see below). Parametric tests were conducted where data normality was established (original or transformed data), and nonparametric tests were used when transformation failed to establish normality of data. Significant levels were set at   0.05. Factor analysis was conducted using the 13 independent variables (transformations in parentheses) TR (log 10 ), PD (log 10 ), DR1 (log 10 ), DR2 (log 10 ), DR5 (square root), DR10 (square root), DR15 (square root), DSLR (log 10 ), CDSLR (original), CCDPR (original), CD30DPR (original), DNOCPR (original), and DSLF (square root) to identify appropriate variables to use for developing regression models relating management and runoff to nutrient concentration and load. Factor analysis involved three steps: identifying the number of statistical factors within the independent variables, extracting loadings for each factor that link the factors to the independent variables, and rotation of loadings to reduce correlation among the factors and clarify the links to the independent variables. Independent variables with large loadings within a factor were usually associated with that underlying process. This helped us identify the variables that were the best representatives of each factor and that underlying process in the regressions. Pearson's correlation analysis was performed using transformed data among FWCs and loads of Fe, Al, DRP, and TP. Probability of exceedance was determined for rainfall, runoff, and FWC and load of DRP and TP. Microsoft Excel 2013 (Microsoft Corp., Redmond, Wash.) was used to examine linear relationships and build linear models between variables. SigmaPlot 12 (Systat Software, Inc., San Jose, Cal.) was used for graphing.
RESULTS
CATTLE, FERTILIZATION, AND HYDROLOGY
W1 was grazed on 69 occasions using 21 to 224 cattle (11 to 120 AU) from 1 to 71 d per occasion (table 1) USDA-NRCS (2003) . [d] Number of days between the on and off dates of cattle in W1. [e] For runoff and percent runoff, one event excluded. Antecedent refers to pre-runoff dates.
39 to 490 d. The interval between a runoff event and the previous fertilization date varied from 1 to 487 d. Details for event-based hydrologic parameters are presented in tables A2 and A3 in the Appendix, and the statistics are summarized in table 1. Of the 74 recorded runoff events, 20 events occurred during the deficit period, and 54 events occurred during the non-deficit period. The interval between runoff events varied from 1 to 651 d (mean 55.4). The 1-day rainfall (mm, day of runoff) explained 46.4% of the runoff variability, while the 2-day rainfall (mm, the day of runoff plus the previous day) explained 54% of the runoff variability (Endale et al., 2011) . The common logarithm of the probability of exceedance (PE) for the 1-day rainfall and runoff (%) each fit a linear model (see fig. 2 for model parameters). There was approximately a 25% probability of exceeding a 1-day rainfall of 54 mm and 14% runoff, a 10% probability of exceeding a 1-day rainfall of 75 mm and 26% runoff, and a 5% probability of exceeding a 1-day rainfall of 94 mm rainfall and 35% runoff.
NUTRIENT AND SEDIMENT CONCENTRATIONS AND LOADS
Dissolved reactive phosphorus (DRP) accounted for approximately 80% of the TP concentration and load in runoff (eqs. 1 and 2, respectively):
(r 2 = 0.968; p < 0.001)
(r 2 = 0.984; p < 0.001)
where FWC is the flow-weighted concentration in mg L -1 , and load is in kg ha -1 . The common logarithm of the probability of exceedance for the FWCs of DRP and TP each fit a linear model (see fig. 3 for model parameters). Similarly, the common logarithm of the probability of exceedance for the loads of DRP and TP each fit a linear model (see fig. 4 for model parameters). The overall distribution for the FWCs and loads for DRP and TP are shown in figure 5a and 5b, respectively. For DRP, FWC varied from 0.38 to 7.07 mg L -1 (mean 1.91 and median 1.64), and the load varied from 0.16  10 -3 kg ha -1 to 0.45 kg ha -1 (mean 0.10 and median 0.03). For TP, the FWC varied from 0.36 to 7.59 mg L -1 (mean 2.43 and median 1.97), and the load varied from 0.16  10 -3 kg ha -1 to 0.55 kg ha -1 (mean 0.12 and median 0.03). Table 2 provides summary statistics for the FWC and load for Fe and Al. For Fe, the FWC varied from 25 to 550 g L -1 , and the load varied from 0.11 to 110 g ha of Al and TP indicate that P losses were likely associated with transport of colloidal clays and sediment, which are high in Al and Fe in this highly weathered soil.
SEDIMENT LOSS AND IMPLICATIONS
Sediment concentration in the 22 assessed events varied from 18 to 747 mg L -1 with a mean and a median of 157 and 86 mg L -1 , respectively. Sediment load varied from 0.01 to 65.38 kg ha -1 with a mean and a median of 5.54 and 1.90 kg ha -1 , respectively. Sediment load was generally low, as 54% of the events had less than 2.0 kg ha -1 , 23% of the events had between 2.0 and 5.0 kg ha -1 , and 14% of the events had between 5.0 and 10.0 kg ha -1 . There were FWC and load data for DRP, TP, Fe, and Al for 19 of the 22 events. Cattle were present in the pasture in 7 of the 19 events (means of 46.7 cows, 12.7 calves, and 17.7 d; 36.5 AU and 633 AUD). For these 19 events, there were no significant differences between observations with cattle compared to observations without cattle (table 2) . However, the differences may have been too small to detect in this particular data set.
A regression analysis between sediment concentration (Sediment CONC ) and FWC for DRP and TP (all in mg L -1 ) produced equations 3 and 4: Similarly, a regression analysis between sediment load (Sediment LOAD ) and DRP and TP load (all in kg ha -1 ) produced equations 5 and 6. One pair of data was excluded as an outlier because it differed by orders of magnitude. In addition, the intercept was set as zero because of the physical relationship between loads and because initial regressions showed neither intercept was significantly different from zero:
(r 2 = 0.703; p < 0.0001)
(r 2 = 0.791; p < 0.0001)
A regression analysis between sediment concentration and FWC of Fe or Al did not produce a significant model, and the r 2 was very low at 0.1 or less. However, regression between sediment load and Fe and Al load showed significance when two data pairs were removed as outliers (high sediment, very low Fe or Al). Neither intercept was significant. A regression with zero intercept produced equations 7 and 8:
(r 2 = 0. 701; p < 0.0001)
(r 2 = 0.634; p < 0.0001)
The grass sod was well established (since 1960), and the rotational grazing system with limited cattle numbers protected the pasture from excessive cattle-induced erosion. Areas of the pasture subjected to more traffic from cattle near fence lines, close to the weir (totally fenced in), along the southern and southwestern edge, and at feeding and watering points exhibited exposed and disturbed soil. While these areas were only a small percentage of the total pasture area, the medium to high associations between the variables discussed above may have been related to the resulting soil disturbance and erosion in these heavy-use areas.
IMPACT OF CATTLE
The FWC and load data for DRP and TP were log 10 transformed prior to analysis for cattle impacts. The overall distribution for FWCs and loads for DRP and TP when cattle were on and off W1 are shown in figures 5a and 5b, respectively. Cattle increased the FWCs of DRP and TP. The nontransformed mean and median FWCs for DRP when cattle were on W1 (n = 19) were 2.48 and 2.08 mg L -1 , respectively. The equivalent values when cattle were off W1 (n = 24) were 1.46 and 1.27 mg L -1 , respectively (figs. 5a and 5b). The mean and median FWCs for TP were 3.14 and 2.72 mg L -1 , respectively, when cattle were on W1 and 1.87 and 1.69 mg L -1 , respectively, when they were off. In contrast, there were no differences in loads for DRP and TP whether cattle were on or off W1. The mean and median loads for DRP were 0.11 and 0.03 kg ha -1 , respectively, when cattle were on and 0.09 and 0.02 kg ha -1 , respectively, when cattle were off ( fig. 5b) . The mean and median loads for TP were 0.14 and 0.04 kg ha -1 , respectively, when cattle were on and 0.11 and 0.03 kg ha -1 , respectively, when they were off. The total loads for DRP and TP were 2.00 and 2.59 kg ha -1 , respectively, when cattle were on W1 and 2.12 and 2.52 kg ha -1 , respectively, when cattle were off W1. The few values shown as dots in figures 5a and 5b (>90th percentile) occurred at high rainfall, runoff, and peak discharge rates and are discussed below.
The presence of cattle had no effects on the FWC of Fe nor on the loads of Fe and Al based on analysis using the transformed data (square root for FWC of Al and log 10 for loads of Fe and Al). The presence of cattle had no effect on the FWC of Al based on the non-parametric Wilcoxon rank sum test. This test was used for Al FWC because several transformation methods did not produce normally distributed data. Table 2 provides summary statistics for the nontransformed data for the FWCs and loads of Fe and Al.
IMPACT OF DROUGHT
The FWCs for DRP and TP when compared between deficit (n = 12) and non-deficit (n = 31) periods were not different. The relatively fewer observations during the deficit period may have limited the statistical power of this test. For the non-transformed data, the mean and median FWCs for DRP were 1.84 and 1.57 mg L -1 , respectively, for the nondeficit period and 2.08 and 2.14 mg L -1 , respectively, for the deficit period (figs. 5c and 5d). The mean and median FWCs for TP were 2.29 and 1.87 mg L -1 , respectively, for the nondeficit period and 2.77 and 2.55 mg L -1 , respectively, for the deficit period. Drought did not affect the FWCs of Fe or Al.
In contrast, there were differences in the DRP and TP loads between the two periods ( fig. 5d) . The mean and median loads for DRP were 0.12 and 0.06 kg ha -1 , respectively, for the non-deficit period and 0.03 and 0.01 kg ha -1 , respectively, for the deficit period. The mean and median loads for TP were 0.15 and 0.10 kg ha -1 , respectively, for the non-deficit period and 0.04 and 0.02 kg ha -1 , respectively, for the deficit period. The total loads were 3.70 kg ha -1 for DRP and 4.61 kg ha -1 for TP during the non-deficit period and 0.42 and 0.51 kg ha -1 , respectively, during the deficit period. Drought also had an effect on loads of Fe and Al (table 2) .
Transport processes during non-deficit periods favored greater flux delivery. The 1-day mean rainfall was 55 mm during the non-deficit period but 37 mm during the deficit period. The mean runoff was 11.6% during the non-deficit and 7.3% during the deficit period. The mean peak discharge was 102 L s -1 during the non-deficit and 38 L s -1 during the deficit period. The few values shown as dots in figures 5c and 5d (>90th percentile) occurred at high rainfall, runoff, and peak discharge rates and are discussed below.
HIGH FWC AND LOAD-PRODUCING EVENTS FOR P
Five of the six events with the greatest FWCs for DRP (probability of exceedance <15%) occurred during calving season (February to March). There were cows but no calves during the sixth event (November) (table 3). The number of cows ranged from 40 to 69 for 6 to 40 d. The number of calves ranged from 10 to 61 for 6 to 34 d. Animal units (AU) varied from 40 to 61(mean 53), and animal unit days (AUD) varied from 366 to 2127 (mean 1135). The mean FWC for DRP for the six events was 4.45 mg L -1 , compared with 1.47 mg L -1 for the remaining 37 events. Four of these six events also were among the six events that had the greatest FWCs for TP (probability of exceedance <15%; table 3). Cattle were present during these four events (AU = 46 to 61 and AUD = 366 to 1990). There were no cattle during the other two of the six events with the greatest FWCs for TP (19 Jan. 2001 and 30 Mar. 2002) (table 3) , in two of the six events with the greatest FWC for DRP, the runoff (16% and 25%) exceeded that of the average. In one each of the six events with the greatest FWCs for DRP and TP, the peak discharge rate (173 and 112 L s -1 , respectively) exceeded the overall average peak discharge rate. Values for other hydrologic parameters were close to or below the overall average (table 3) .
The six largest loads for DRP and TP (probability of exceedance <15% for both) occurred during the same six events: three in the fall, two in midsummer, and one in midwinter (table 3) . The mean loads (kg ha -1 ) from the six events were 0.37 for DRP and 0.46 for TP, compared with 0.05 for DRP and 0.06 for TP for the remaining 37 events. These top six loads accounted for 53% of the total load for each of DRP and TP. Cattle were present on W1 for one midsummer event (23 cows and 11 calves for 47 d prior to the runoff event), the midwinter event (40 cows and 16 calves for 28 d), and one fall event only (36 cows and no calves for 46 d). For the three events with cattle, AU varied from 23 to 40 and AUD varied from 1136 to 1160. The mean loads (kg ha -1 ) were 0.37 for DRP and 0.49 for TP for the three events with cattle present, compared with 0.37 (again) for DRP and 0.42 for TP for the three events with no cattle present. Compared with the overall average (table 3), the 1-day rainfall was greater in five of the six events (55 to 102 mm), the runoff was greater in all six events (18% to 43%), and the peak discharge rate was also greater in all six events (173 to 565 L s [a] Cattle were present during all events except those shown in bold. [b] Means from all runoff events are shown in parentheses. [c] Computed per USDA-NRCS (2003) .
FACTOR ANALYSIS
Four factors were identified, each of which represented a different underlying process (table 4). The variables PD, TR, DR1, and DR2 clustered in factor 1 and are identified with hydrologic transport processes of nutrients. The variables DR5, DR10, and DR15 clustered in factor 2 and represent soil antecedent moisture conditions. The variables DNOCPR, CCDPR, and CD30DPR clustered in factor 3 and represent the level of pasture use by cattle that influences the degree of nutrient availability. The variables DSLR and CDSLR clustered in factor 4 and may represent an underlying process related to an interaction of environmental and cattle influences on nutrient availability. Five of the independent variables were selected from the four factors to develop regression models to predict variations in the FWCs and loads of DRP, TP, Fe, and Al. The variables TR and PD were selected from factor 1 because FWCs and loads are very much related to TR (used to calculate loads), while PD is considered a surrogate for runoff intensity. Although the two are highly correlated (r = 0.874), selecting one without the other seemed an incomplete look at the transport process. The variables DR10 and CD30DPR were selected from factors 2 and 3, respectively, because of their greater loading under these factors. In addition, the choice of CD30DPR (cattle days 30 days prior to runoff) over CCDPR (continuous cattle days prior to runoff, of which CD30DPR is a component) seemed more logical for representing the effects of recent grazing activity. Under factor 4, CDSLR (cattle days since the last runoff) was selected because it has a greater loading than DSLR (days since last runoff) and, as above, the two are correlated (r = 0.671). Equation 9 shows the linear regression model adopted on the basis of these considerations, and table 5 lists the coefficients:
where Y is the FWC (mg L -1 ) or load (kg ha -1 ) for DRP, TP, Fe, and Al.
The high r 2 and very low p-values for the models (table 5) suggest that these five independent variables serve as appropriate representatives of the drivers within this system. The coefficients suggest TR followed by PD as strong drivers for loads of DRP, TP, Fe, and Al. The r 2 values of the models for the FWCs for DRP and TP were smaller than those for the loads (~0.44). The coefficient for TR (b) was negative, while that for PD (c) was positive. This would be expected, as greater TR leads to dilution. Greater PD suggests greater potential for erosion-related transport of nutrients. Neither the overall model nor the coefficients were significant for the FWCs for Fe and Al, with the exception of the coefficient for CD30DPR (e) for the FWC of Al. The coefficients for CD30DPR (e) were significant for the FWCs and loads for DRP and TP, but the magnitudes were only a very small fraction of those for TR and PD. The coefficient for DR10 (d) was significant only for the FWCs and loads of DRP and TP. The coefficient for CDSLR (f) was significant only for Fe load. Overall, it appears that hydrologic transport processes had a much stronger influence than nutrient sources as drivers of nutrient loss.
This model was used to estimate FWCs and loads for the events for which we were not able to collect samples or conduct analyses. While the distributions of the data appear to have a similar pattern as those from the measured values, the results suggest that cattle and drought impacted P loads rather than concentrations during those particular events (data not shown). Total load was estimated as 1.67 kg ha -1 for DRP and 2.07 kg ha -1 for TP. 
DISCUSSION
Aluminum and iron phosphates are common inorganic forms of P in acid soils (Zaimes and Schultz, 2002) . Schroeder et al. (2004) found that, in Cecil soil, inclusion of site-specific Fe and Al data can improve the relationship between soil test P and runoff P. Analyzing for Al and Fe concentrations provided possible surrogates for assessing cattleinduced soil erosion and release of soil-bound P to solution phase and for identification of pathways of P transport. The treading of soil and defecation within pastures by grazing cattle, particularly in heavy-use areas, is expected to release soil-bound nutrients such as Fe, Al, and P and increase their transport in runoff because of reduced vegetation cover and increased soil disturbance (Warren et al., 1986; Russell et al., 2001; McDowell et al., 2003; Hubbard et al., 2004; Haan et al., 2006; Cournane et al., 2010) . The high correlation found between loads of Fe and DRP and TP, and a moderately high correlation found between loads of Al and DRP and TP, appear to indicate mobilization of these nutrients by dissolution and transport in runoff as a result of the grazing process. This would largely have occurred in heavy-use areas, which covered only a very small percentage of the total pasture area, whereas grass cover protected much of the pasture from erosion and reduced the potential negative grazing impact.
Of the 13 independent variables considered in factor analysis, three hydrologic variables (TR, PD, and DR10) and two cattle-related variables (CD30DPR and CDSLR, surrogates for nutrient input) were identified as representing the major influencers of P, Fe, and Al losses (table 5). The variable TR followed by PD had the greatest influence on P, Fe, and Al loads compared with the cattle-related variables. The overall results demonstrate that hydrologic transport processes were the dominant drivers of pollutant fluxes and highlight the importance of managing grazing to maintaining adequate forage cover on pastures.
The FWCs and loads observed in the present study were in the ranges reported by others for plot and field grazing studies (Edwards et al., 1996; Nash et al., 2000; Owens and Shipitalo, 2006; Dougherty et al., 2008; table 6) . Results from those studies indicate that large manure or inorganic fertilizer application rates, especially shortly before runoff events, are the primary drivers for FWCs and loads. Peak FWCs for P reported in those studies where fertilizer application rates were 1.4 to 3.5 times greater than the values observed in the present study. In one case where runoff occurred the day of fertilizer application, the peak FWC for DRP was 12 times greater than observed in the present study. The mean yearly loads reported by Nash et al. (2000) , where the P application rate was 100 kg ha -1 year -1
, were orders of magnitude greater than the peak loads reported in the present study and in the other studies. The mean extractable soil P reported by Edwards et al. (1996) was 4 to 9 times greater than the mean observed in the 2009 sampling at W1 (42 mg kg -1 ). The two fields that continued under manure fertilization in the Edwards et al. (1996) study had 1.8 times the mean and 4 to 8 times the maximum FWC for DRP compared to the two fields that were switched to inorganic fertilization, and one manure-fertilized field had 5 times the mean and maximum DRP loads compared to another field that was switched to inorganic fertilization.
In the present study, a total of only ~1,550 kg of inorganic P was applied and only during 2000 to 2003 (table A1) . The average interval between fertilizer application and a runoff event was 125 d. These two facts likely contributed to the finding from factor analysis that inorganic fertilization had no impact on P FWC and load. While the adopted management strategy (forage, cattle, fertilization) appears to have kept nutrient losses at comparatively low levels, the concurrence of cattle with hydrologic events that favor transport processes (high rainfall, runoff, peak flow, etc.) increased DRP and TP flux. There was P addition from cattle manure over time at W1. Using manure and manure P production rates by cattle given in table 10 of Zaimes and Schultz (2002) , a total manure P deposition of 3,517 kg was estimated over the 11 years, amounting to an average of about 320 kg P year -1 or 27 kg P month -1 . The total P lost in runoff at W1 (~40 kg) was a small fraction (~0.80%) of the inorganic P applied and redeposited through manure. The results presented and discussed above highlight the possible mitigation of pollutant fluxes through proper grazing management that includes maintenance of good grass cover and effective rotational grazing and fertilizer application. Edwards et al. (1996) Four 0.6 to 1.5 ha pastures; 31 consecutive months (Sept. 1991 to Apr. 1994 . Animal manure used prior to study. During the study, two fields continued on manure, and two fields received inorganic fertilizer.
Mean FWC for DRP for manure fields = 2.9 (range 0.6 to 24.4). Mean FWC for DRP for inorganically fertilized fields = 1.7 (range 0.6 to 3.8). Mean total DRP load = 0.05 to 0.26; greater numbers associated with manure fields. Extractible soil P = 177 to 364 mg kg -1 , high due to history of manure use. Nash et al. (2000) 34 runoff events (1994) (1995) (1996) from a 3.6 ha pasture managed as part of a producer's larger farm in Darnum, Victoria, Australia; 100 kg P ha -1 , which was more than three times the recommended rate.
Mean FWC for DRP and TP were similar (4.6 to 14.2). Mean yearly loads were also similar (1.7 to 9.7). Owens and Shipitalo (2006) Rotationally grazed pastures under high and low fertility management near Coshocton, Ohio; 14 years (May 1974 to Apr. 1988 .
Mean FWC for total DRP = 0.5 to 2.5. Mean load for total DRP = 0.03 to 1.23. Ten events in high-fertility pastures had FWC >10 for total DRP. The greatest FWC for total DRP (85.7) was from runoff occurring the same day as fertilization. Few large events accounted for most of the total DRP loss. Dougherty et al. (2008) 3.5-year monitoring of small (50 m  25 m) grazed dairy pastures at Camden, New South Wales, Australia. P rates of 0, 20, 40, and 80 kg ha -1 year -1 .
Mean FWC for TP from zero-fertilizer plot was 1.9. Range of FWC for TP = 0.9 to 11.1.
This study Zero-order, 7.8 ha, rotationally grazed, beef cattle pasture near Watkinsville, Georgia, 1999 -2009 . P fertilizer application: mean of 25 kg ha -1 (n = 8). Estimated P from cattle manure: 41 kg ha -1 year -1 .
Mean FWC for DRP = 1.91 (range 0.38 to 7.07). Mean FWC for TP = 2.43 (range 0.36 to 7.59). Mean load for DRP = 0.10 (range 0.00 to 0.45). Mean load for TP = 0.12 (range 0.00 to 0.55).
CONCLUSIONS
Well-managed grazing systems can provide valuable ecosystem services, including protecting the soil from erosion and reducing pollutant flux to nearby waterways, but longterm data are limited to fully support this hypothesis. In this article, we described flow-weighted concentration and load data for DRP, TP, Fe, and Al gathered over 11 years (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) that had contrasting weather patterns from a 7.8 ha pasture used for rotational grazing of cow-calf herds near Watkinsville, Georgia:  The study demonstrated the possible mitigation of pollutant fluxes through proper grazing management that includes maintenance of good grass cover, rotational grazing that minimized over-grazing, and limited fertilizer application. The total P lost in runoff was <1.0% of the inorganic P applied and redeposited through cattle manure.  The results demonstrated that surface (and possibly subsurface) transport processes were the dominant drivers of pollutant fluxes and highlighted the importance of managing grazing to maintain adequate forage cover on pastures.  The concurrence of cattle with hydrologic events that favor transport processes (high rainfall, runoff, peak flow, etc.) led to elevated levels of pollutant flux as demonstrated by the six largest P load events (probability of exceedance <15%), which accounted for 53% of the total P loss from all 43 monitored events.  Drought periods created unfavorable conditions for hydrologic transport processes and limited pollutant fluxes.  The study provided data that can be used to calibrate, test, and validate water quality models. These data are particularly useful because they come from a relatively long-term collection, include periods of variable weather, and represent a management approach similar to that of typical producer operations in grazed areas of the southeastern U.S.  Nutrient losses observed during the present study are considered edge-of-field losses.  There likely were shortcomings in the study, such as unbalanced distribution of observations between some of the contrasted variables that might have influenced the statistical outcomes and subsequent conclusions about the differences between contrasted variables. Limitations associated with sample collection (method, instrumentation, programming, etc.) are also recognized in arriving at the pollutant loading estimates.
NOMENCLATURE
CCDPR = continuous cattle days prior to a runoff event (sum of number of cattle  days spent in pasture) CDSLR = cattle days since the last runoff event CD30DPR = cattle days 30 days prior to a runoff event DNOCPR = days with no cattle prior to a runoff event DR1 and DR2 = 1-day and 2-day rainfall (mm) leading to a runoff event DR5, DR10, and DR15 = antecedent daily rainfall 5, 10, and 15 days prior to a runoff event DRP = dissolved reactive phosphorus DSLF = days since the last fertilization before a runoff event DSLR = days since the last runoff event FWC = flow-weighted concentration (mg L -1 ) PD = peak discharge rate (L s -1 ) RPR = percent of the 1-day rainfall partitioned to runoff TP = total phosphorus TR = total runoff (mm) P as P2O5 and K as K2O.
APPENDIX
[b]
Dash means not applicable.
[c]
Plus 2.34 L ha -1 Grazon.
